1. Introduction {#s0005}
===============

Rumination is an enduring self-referential pessimistic repetitive thinking style about problems with little or no goal and change-orientation ([@bb0235]). The process is considered to be an important factor in the development and maintenance of major depression since it is related to the onset, severity and treatment stability of the disorder ([@bb0220]). Ruminative tendencies elevate the risk for depression even in the absence of other acute symptoms in healthy individuals ([@bb0070]; [@bb0105]; [@bb0150]; [@bb0170]; [@bb0220]; [@bb0240]). However, also other mental disorders -- such as anxiety disorders -- and physical health -- such as immune system and fitness -- are affected by high levels of rumination ([@bb0165]; [@bb0245], [@bb0250]).

On a neuronal level, rumination is associated with aberrant functional activity within several brain areas. Studies showed that activity in the subgenual prefrontal cortex is associated with higher levels of rumination ([@bb0030]), and that activity in this area and parts of the default mode network (DMN) (e.g., posterior cingulate) and cognitive control network (CCN) (e.g., dorsolateral prefrontal cortex (dlPFC)) can be elicited by a rumination induction ([@bb0045]). However, in comparison to task positive network activity, relative DMN dominance has been associated with rumination ([@bb0090]). Also, in depressed subjects -- a sample that is known to show elevated levels of rumination -- meta-analytic data showed decreased activity within the frontal parts of the CCN ([@bb0285]). Moreover, stimulation of the right prefrontal cortex with transcranial direct current stimulation (tDCS) led to higher state rumination after an anger induction ([@bb0125]). In this framework, the midline structures of the cortex -- mostly belonging to the DMN -- are thought to play an important role in self-referential processing, while the lateral parts of the cortex -- mostly corresponding to the CCN and attention network -- are involved in cognitive control and attention processes ([@bb0175]).

Usually, rumination is directly induced in experimental designs by instructing participants to think in a certain way, or by using autobiographical paradigms ([@bb0025]; [@bb0190]). Since rumination is thought to be elicited by stressful life events ([@bb0220]), stress induction methods ([@bb0215]) have also been used to induce rumination. While some did not find effects of stress on the induction of rumination ([@bb0275]), others found that state rumination can be elicited by stress ([@bb0080]; [@bb0100]; [@bb0210]). However, the stress response itself is also affected by rumination as indicated by a reduced decline of cortisol in high ruminators ([@bb5000]; [@bb0060]; [@bb0100]; [@bb0160]; [@bb0210]). Indeed, meta-analytic data suggests that rumination is associated with higher heart rate, systolic and diastolic blood pressure and cortisol levels in experimental designs ([@bb0190]). Yet, the neural links between rumination, cortical activation and the stress response are still unclear.

In the following work, we sought to investigate how far rumination can be induced through social stress in low and high trait ruminators. Further, we aimed to assess the neural underpinnings of the stress response in these individuals by using functional near-infrared spectroscopy (fNIRS), an optical imaging method that has proven to be compatible with the standard procedure of the Trier Social Stress Test (TSST) ([@bb0200]). We hypothesized that stress-induced increases in state rumination would be stronger in high trait-ruminating individuals. Further, we predicted that the stress response in terms of heart rate, cortisol reactivity and subjective stress would be higher in high trait ruminators and would correlate with the increases in state rumination. On a neural level, we hypothesized that high trait-ruminators would show lower hemodynamic responses in parts of the CCN in comparison to low trait-ruminators during the TSST.

2. Materials and methods {#s0010}
========================

2.1. Participants {#s0015}
-----------------

This study was approved by the ethics committee at the University Hospital and University of Tübingen. All participants gave their written informed consent. A total of 45 subjects were recruited at the University of Tübingen according to their total Rumination Response Scale (RRS) ([@bb0180]) score out of a sample of 400 subjects that completed the online assessment. To maximize differences in trait rumination, only subjects with high (PR \> 65) and low (PR \< 27) RRS scores were recruited. RRS score means for high (n = 23) ruminators were m = 2.59 (SD = 0.17, range: 2.36--3.04) and for low (n = 22) ruminators m = 1.53 (SD = 0.21 range: 1.09--1.86). The average age was 22 (SD = 3 years) and 83% of the sample were female. Low and high ruminators did not differ in terms of these variables (see [Table 1](#t0005){ref-type="table"}). High ruminators had a mean Beck Depression Inventory (BDI) score of 8.5 (SD = 5.79, range: 0--23) and low ruminators of 1.9 (SD = 2.2, range: 0--9) ([@bb0015]). No participant fulfilled full criteria for clinical depression. As expected, high ruminators reported to spend more time per day ruminating than low ruminators (t~(43)~ = −2.105, p \< .05, d = 0.63). All subjects were right-handed, none took medication (except for contraceptive medication) and no subjects had medical conditions that influence the stress response. High and low ruminators did not differ on their general intelligence as assessed with the Mehrfachwahl-Wortschatz-Intelligenztest (t~(43)~ = −0.5, p \> .1) ([@bb0155]).Table 1Demographic, clinical and performance variables of the high and low ruminators. BDI = Beck Depression Inventory, RRS = Rumination Response Scale, TSST = Trier Social Stress Test.Table 1VariableLow-ruminators\
(n = 22)High-ruminators\
(n = 23)t/χ^2^pMeanSDMeanSDAge (years)22.33.8821.692.68t~(43)~ \< 1p \> .1Percent of female participants86%79%χ^2^~(1)~ = 0.5p \> .1BDI1.92.258.55.80t~(43)~ = 4.99p \< .001RRS1.50.212.60.17t~(43)~ = 19.32p \< .001Time spent ruminating per day (hours)0.250.380.550.55t~(43)~ = −2.105p \< .05Mean errors (control task)0.60.270.60.41t~(43)~ \< 1p \> .1Mean calculations (control task)8.02.888.53.00t~(43)~ \< 1p \> .1Mean errors TSST1.50.641.50.61t~(43)~ \< 1p \> .1Mean calculations TSST9.63.809.73.50t~(43)~ \< 1p \> .1

2.2. Procedures {#s0020}
---------------

Subjects were screened via online assessment of the RRS score. After inclusion into the study, subjects completed the baseline assessment including demographic variables, the Beck Depression Inventory and a 10-minute interview about rumination symptoms. Afterwards, a 7-minute, eyes-open resting-state measurement was conducted using fNIRS. After the resting-state measurement, state rumination was assessed (see supplementary material). Two control tasks were completed afterwards including a number reading task (CTL1) and an arithmetic task (CTL2) without social stress, i.e., without judges or videotaping. Both tasks consisted of 6 blocks with 40 s task performance and 20 s pausing. During CTL1, subjects had to read decreasing numbers from 1023 in steps of 13 (i.e., 1023, 1010, 997 and so on). During CTL2, subjects had to subtract the number 13 from 6 different starting points between 1026 and 1014. For the control tasks, subjects were instructed by a friendly study nurse. If errors occurred, the study nurse said: "Ok, please go on from ..." and gave the correct answer. Afterwards, the TSST was performed. The TSST committee -- comprising a female and male judge -- entered the laboratory and sat down in front of the participants. According to the TSST standard protocol, subjects had a 5 min preparation phase before performing a 5 min free speech about their personal strengths and qualifications during which they stood in front of the TSST committee and were videotaped. Then a 6 min arithmetic stress challenge followed. Again, subjects had to subtract the number 13 from different starting points between 1026 and 1014 in 6 task blocks. If subjects made an error, one committee member interrupted them saying: "Stop! Please start again from...". Different starting points were chosen for CTL2 and the arithmetic stress condition. The TSST committee was non-verbally neutral and emotionally non-responsive throughout the TSST. After the completion of the TSST, the committee left the room without any comment. Directly after the TSST, subjects completed a second resting-state measurement. During all experimental conditions, subjects gave subjective stress ratings and heart rate was measured. Cortisol samples were taken after the first resting-state measure, after the TSST and in 15 minute steps up to 60 min following the completion of the TSST. After the resting-state measurements, state rumination was assessed. Further, positive and negative affect was measured with the Positive and Negative Affect Schedule (PANAS) following the control conditions, the TSST and before the last salivary sample was taken ([@bb0265]) (see [Fig. 1](#f0005){ref-type="fig"} and Supplementary material).Fig. 1Design and measurements of the experiment.Fig. 1

2.3. Cortisol sampling and assays {#s0025}
---------------------------------

Saliva was collected in salivettes (Sarstedt AG & Co., REF 51.1534.500) and was further stored at −20 °C. For analysis of cortisol levels, salivettes were thawed and centrifuged for 2 min at 1000*g* to collect saliva. Further analysis was performed with enzyme immunoassay (IBL International, Cortisol ELISA, REF RE52611) according to the manufacturer\'s instructions. Average cortisol levels were taken from duplicate runs if intra-assay variation was below 10%. Finally, daytime was regressed out of cortisol coefficients to account for circadian rhythm fluctuations that are not related to the TSST and values were log-transformed. Participants were instructed not to drink alcohol the day before the measurement, to sleep as long as they usually do and to perform no physical activities at the day of the measurement. Also subjects were told not to drink or eat 30 min before the measurement started.

2.4. Heart rate {#s0030}
---------------

The heart rate was recorded with a one channel electro cardiogram (ECG). For ECG recordings, two standard Ag/AgCl EEG ring electrodes of 8 mm diameter were attached to the abraded skin above the left and right collar bone. FPz according to the 10/20 system was taken as a reference. Signal recordings were done with a BrainAmp ExG amplifier and Brain Vision recorder software (Brain Products, Munich, Germany) at 1000 Hz sampling rate. Data was further preprocessed and analyzed using MATLAB R2017a routines (MathWorks Inc., Natick, USA). Preprocessing steps were as follows: Band-pass filtering (0.25--50 Hz) and (for one subject) 50 Hz notch filtering. Afterwards intervals between R complexes and the average beats per minute were calculated.

2.5. fNIRS {#s0035}
----------

Cortical activation was measured with a continuous wave, multichannel NIRS system (ETG-4000 Optical Topography System; Hitachi Medical Co., Japan) with a temporal resolution of 10 Hz. The measurement array consisted of two frontal and one parietal probeset (see [Table 2](#t0010){ref-type="table"}). Optodes were positioned on a combined electrode Easycap with sponge rings for additional fixation. The system consisted of three probesets, two frontal probesets (reference points F3 and F4 according to the international 10--20 System ([@bb0110])) with 9 optodes each and one parietal probeset (reference point Pz) with 15 optodes, resulting in a total of 46 channels (see [Table 1](#t0005){ref-type="table"}, Supplementary Figs. S1 and S2). The combined electrode caps were positioned at reference point Cz according to the international 10--20-system on each participants head. Corresponding brain areas of each channel were extrapolated from reference points based on the Colin 27 template ([@bb0055]; [@bb0255]).Table 2Channels of the used fNIRS probeset and corresponding brain areas.Table 2Brain areaProbeset A:\
(left frontal)Probeset B:\
(right frontal)Retrosubicular area114, 16Dorsolateral prefrontal cortex5, 10, 11, 1215, 20, 23, 24Temporopolar area213Subcentral area317Pre-motor and supplementary motor cortex822Pars opercularis619Pars triangularis4, 7, 918, 21  Probeset C: (parietal)Somatosensory association cortex25, 26, 27, 28, 30, 31, 32, 34, 35, 36, 37V338, 39, 40, 41, 43, 44, 45, 46Angular gyrus42Supramarginal gyrus29, 33

After the assessment, data was further analyzed using MATLAB R2017a (MathWorks Inc., Natick, USA). Data was first bandpass filtered (0.1--0.001 Hz) before the movement artefact reduction by the algorithm of Cui et al. ([@bb0035]; [@bb0050]) was performed and a first interpolation of single artefact-loaded channels was done. As we used the correlation-based signal correction of [@bb0050], we further only analyzed the data of the oxygenated signal (which was corrected for correlation with the deoxygenated signal). The oxygenated signal was further selected due to its higher signal-to-noise ratio, higher variability and excitability. Afterwards, an ICA based reduction of clenching artifacts was done and a second bandpass filtering (0.1--0.01 Hz) was performed before a global signal reduction was done with a spatial Gaussian kernel filter ([@bb0280]) with a standard deviation of σ = 50. Finally, data was averaged over the 6 task blocks with a 5 s baseline correction for the total 40 s of task performance.

2.6. Data analysis {#s0040}
------------------

The different datasets -- behavioral, physiological, endocrinological and cortical activation data -- were analyzed with respect to the hypothesized group (low vs. high ruminators) by condition interaction. For all measures, repeated measurement ANOVAs were performed with IBM SPSS Statistics Version 24. We hypothesized that high ruminators would have higher stress-ratings, heart rates, state rumination, negative affect and cortisol levels in the post TSST phase than non-ruminators. Due to different path lengths of the near-infrared light, group (high ruminators vs. low ruminators) by condition (CTL1 vs. CTL2 vs. TSST) repeated measures ANOVAs were performed for five ROI (bilateral dlPFC, IFG and SAC) separately (see Supplementary Fig. S2). We hypothesized a linear relationship between blood oxygenation and stress-loading of the task (CTL1 \< CTL2 \< TSST) in the low ruminators and that this relationship would be disturbed in the high ruminators ([@bb0285]). Finally, we tested in how far effects of group on behavioral measures were mediated by changes in cortical activation from CTL1 to the TSST by using regression analysis and Sobel\'s-*Z*-test for mediation ([@bb0225], [@bb0230]). In the paper at hand, only the experimental effects on the hemodynamic response during the control conditions and the TSST are reported. Resting-state measurements were analyzed separately with respect to functional connectivity (FC) differences and will be reported elsewhere since both measures -- FC and activity -- have differential and independent informational content.

3. Results {#s0045}
==========

3.1. Behavioral, endocrinological and sympathetic changes {#s0050}
---------------------------------------------------------

As indicated by repeated measurement ANOVA (group\*condition), both the number of arithmetical computations (F~(1,\ 43)~ = 37.051, p \< .001, η^2^ = 0.46) and errors (F~(1,\ 43)~ = 114.621, p \< .001, η^2^ = 0.72) increased from CTL2 to TSST. However, no significant differences were found between high- and low-ruminators. Regarding negative (NA) and positive affect (PA), we found a significant group (high vs. low ruminators) by time (pre TSST vs. 5 min post TSST vs. 50 min post TSST) interaction for negative affect (F~(2,\ 82)~ = 6.092, p \< .01, η^2^ = 0.13). Results indicated a generally higher NA level for high ruminating subjects -- reflected by a main effect of group (F~(1,\ 42)~ = 11.649, p \< .001, η^2^ = 0.22) -- and higher negative affective reactivity in the high ruminators due to the stress-induction in terms of a quadratic significant interaction (F~(1,\ 41)~ = 7.394, p \< .01, η^2^ = 0.15) (see [Fig. 2](#f0010){ref-type="fig"}A). In the same way, we found a group (high vs. low ruminators) by time (pre vs. post TSST) interaction for state rumination (F~(1,\ 43)~ = 4.49, p \< .05, η^2^ = 0.095), reflecting higher overall state rumination (F~(1,43)~ = 27.47, p \< .001, η^2^ = 0.39) and higher increases in state rumination during the experiment for the high ruminators (t~(43)~ = 2.12, p \< .05, d = 0.64).Fig. 2Responses in negative affect (A), subjective stress ratings (B), heart rate (C) and salivary cortisol (D). Timepoints are centered at post TSST (0 min).Fig. 2

Subjective stress ratings showed a significant main effect for time (F~(1,\ 43)~ = 94.703, p \< .001, η^2^ = 0.68). While there was no significant interaction between time and group, planned comparisons indicated that the subjective stress rating was significantly higher in the high ruminators at 30 min post TSST (t~(43)~ = 2.12, p~one-sided~ \< .05, d = 0.63) and 45 min post TSST (t~(43)~ = 1.93, p~one-sided~ \< .05, d = 0.57) (see [Fig. 2](#f0010){ref-type="fig"}B).

Regarding sympathetic activation, heart rate measurements indicated a significant variation over conditions (resting-state pre TSST vs. CTL1 vs. CTL2 vs. TSST anticipation vs. TSST free speech vs. TSST arithmetic task vs. resting-state post TSST; F~(6,\ 252)~ = 90.610, p \< .001, η^2^ = 0.68) and a marginally significant difference for the main effect of group (F~(1,\ 42)~ = 3.9, p \< .1, η^2^ = 0.086), showing a trend towards lower heart rates in the high ruminators. Heart rates increased in the whole group from the resting-state measure to CTL1 (t~(43)~ = 12.75, p \> .001, d = 1.9), from CTL1 to CTL2 (t~(43)~ = 2.74, p \> .01, d = 0.41) and decreased from CTL2 to the anticipation phase of the TSST (t~(43)~ = 3.71, p \> .001, d = 0.56). During the free speech, heart rates increased significantly (t~(43)~ = 11.35, p \> .001, d = 1.7) and decreased again during the post resting-state measurement (t~(43)~ = 14.23, p \> .001, d = 2.1). Importantly, heart rate was significantly elevated during the TSST arithmetic task in comparison to CTL1 (t~(43)~ = 5.7, p \> .001, d = 0.86) and CTL2 (t~(43)~ = 5.4, p \> .001, d = 0.81) (see [Fig. 2](#f0010){ref-type="fig"}C).

In line with this, cortisol levels showed a significant increase through the stress induction (F~(1,\ 43)~ = 24.203, p \< .001, η^2^ = 0.36; see [Fig. 2](#f0010){ref-type="fig"}D). However, no significant differences in cortisol levels were found between the groups.

3.2. Cortical activation {#s0055}
------------------------

As indicated by repeated measurement ANOVA with the factors group (high vs. low ruminators) and condition (CTL1 vs. CTL2 vs. TSST arithmetic challenge), we found significant main effects for condition in the ROIs of the left dlPFC (F~(2,\ 86)~ = 4.79, p \< .05, η^2^ = 0.10), left IFG (F~(2,\ 86)~ = 4.19, p \< .05, η^2^ = 0.09), right dlPFC (F~(2,\ 86)~ = 5.10, p \< .01, η^2^ = 0.11) and SAC (F~(2,\ 86)~ = 6.6, p \< .01, η^2^ = 0.13). Post-hoc tests revealed a significant increase from CTL1 to CTL2 in all of these ROI (t~(43)~ = 3.22 to 4.23, p \< .001, d = 0.48 to 0.59). Increases from CTL2 to TSST were found in the left IFG (t~(43)~ = 1.73, p \< .05, d = 0.26) and SAC (t~(43)~ = 1.89, p \< .05, d = 0.28). Also, planned comparisons for the right dlPFC showed a significant linear group by condition contrast (F~(1,\ 43)~ = 4.75, p \< .05, η^2^ = 0.10) indicating a higher increase in cortical activation from the non-stressful to stressful conditions in the low ruminators than in the high ruminators (see [Fig. 3](#f0015){ref-type="fig"}).Fig. 3Differences in cortical activation between high and low ruminators in the experimental conditions. Cold colors indicate higher activation in the low ruminators. (For interpretation of the references to color in this figure legend, the reader is referred to the online version of this chapter.)Fig. 3

A significant group by condition interaction was found for the right IFG (F~(2,\ 86)~ = 4.3, p \< .05, η^2^ = 0.09). As for the right dlPFC, the linear contrast indicated a higher increase in cortical activation for the low ruminators from the control conditions to the TSST (F~(1,43)~ = 7.19, p \< .01, η^2^ = 0.14). Post-hoc tests revealed that low ruminators had higher activity within the right IFG during the CTL2 (t~(43)~ = 2.87, p \< .01, d = 0.85) and TSST (t~(43)~ = 2.38, p \< .05, d = 0.70) than high ruminators, but not during CTL1 (see supplementary Fig. S3). Further post-hoc comparisons revealed that a significant increase in IFG activity from CTL1 to TSST occurred only in low ruminators (t~(21)~ = 3.6, p \> .01, d = 0.77) (see [Fig. 4](#f0020){ref-type="fig"}).Fig. 4Interaction of condition by group-membership in the right IFG in cortical activation.Fig. 4

3.3. Mediation analysis {#s0060}
-----------------------

As indicated by Sobels *Z*-Test, we found a full mediation of the group effect on negative affect at the end of the experiment (B = 2.275 (1.104), t~(42)~ = −2.18, p \< .05, R^2^ = 0.10), by the increase of cortical activation from CTL1 to the TSST in the right IFG (B = −26.279 (9.85), t~(42)~ = −2.66, p \< .05, R^2^ = 0.145; Z = 2.697, p \< .05). The mediation indicates that the high ruminators had a lower increase in right IFG activation that led to higher negative affect at the end of the experiment.

Further, the group effect on stress-induced changes in state rumination (B = 1.008 (0.245), t~(42)~ = −4.12, p \< .001, R^2^ = 0.28) was partially mediated by the increase in right IFG activation (B = −5.42 (0.295), t~(42)~ = −2.03, p \< .05, R^2^ = 0.09; Z = 3.25, p \< .05). As for negative affect, our results indicate that the reduced IFG activation during the TSST in the high ruminators led to higher state rumination after the experiment. No such mediation effects were found for the effects on subjective stress.

4. Discussion {#s0065}
=============

The aim of this study was to explore the effects of rumination on the stress response. We hypothesized that stress would induce ruminative processes (state rumination) and that this effect would be higher in high-trait ruminators. Further, we assumed that high ruminators would show a distinct pattern in subjective stress, sympathetic activity, the endocrinological stress response and cortical activation during and/or following the TSST.

Firstly, as expected, we found significant increases in behavioral, physiological and endocrinological stress indices during the stress induction of the TSST as compared to two control conditions. These were accompanied by elevated cortical activity in regions of cognitive and attentional control, namely the dorsolateral prefrontal cortex, inferior prefrontal cortex and superior parietal lobule/somatosensory association cortex. Additionally, the TSST condition led to further increases in activity of the left IFG and SAC in comparison to the CTL2. These main effects of within-subject comparisons reflect a successful induction of psychosocial stress and their cortical correlates.

With regards to our primary research hypothesis, our results showed that high ruminators showed a higher reactivity in negative affect and state rumination through the stress induction. No differences were found with regards to heart rate and cortisol responses. In line with our hypotheses, we found reduced cortical activity in the right IFG in this group. Finally, a mediation analysis showed that the group effects on negative affect and state rumination were mediated by cortical activation in the right IFG.

The found difference between high and low ruminators in the right IFG fits well with the present literature on the function of the IFG which has been reported to be central to inhibition during cognitive tasks and during physiological and psychological stress paradigms ([@bb0010]; [@bb0065]; [@bb0130]; [@bb0260]). For example, previous data suggest its involvement during response inhibition in Go-NoGo tasks ([@bb0075]; [@bb0135]; [@bb0205]), task switching paradigms ([@bb0005]), cold pressure tests and arithmetic stress challenges ([@bb0130]). Also, rumination has been related to deficits in cognitive control and inhibition ([@bb0220]). From our data, we would suggest that the lower activation of the right IFG during CTL2 and TSST conditions in high ruminators reflects such inhibitory deficits. Moreover, these inhibitory deficits during social stress situations led to higher negative affect and higher state rumination in the post TSST phase. These findings indicate -- in terms of a more general interpretation -- that inhibition deficits in high ruminators might lead to a reduced resilience to adverse events and impaired psychological (and physiological) health ([@bb0115], [@bb0120]; [@bb5005]). Interestingly, also data of lesion studies suggests that IFG damage is associated with problems in "directed forgetting", which means that subjects with IFG damage have problems to suppress or exclude material from memory retrieval ([@bb0040]). This is in line with some characteristics of rumination, in which subjects can\'t stop ruminating after stressful events and have problems to stop thinking about their past failures. Herein lies a potential explanation for the found mediation of group membership effects on state rumination and negative affect by right IFG activation: The high ruminators were not able to sufficiently activate their right IFG during the stress tasks, which might reflect insufficient inhibition of stress-related emotional and cognitive responses during the TSST. In the aftermath, these inhibitory deficits resulted in elevated levels of state rumination and negative emotionality. In line with this suggestion, [@bb0095] found reduced stress responses in a threat task after stimulation of the right IFG with transcranial direct current stimulation ([@bb0095]). However, with respect to our data it is unclear in how far the reduced IFG activation during the TSST may already be a correlate of intrusive negative thoughts while performing the arithmetic task.

Interestingly, differences between the high and low ruminators in right IFG activation were already found during the second control task. However, also subjective stress levels and heart rate measures were significantly increased during this control task, when compared to CTL1 and resting-state measurements. From this point, one could argue that the arithmetic control task (CTL2) already induced moderate levels of stress that were accompanied by reduced cortical activation in the right IFG in the high ruminators. Indeed, arithmetic tasks -- even without explicit social stressors as in the TSST (camera and judges) -- have been shown to elicit stress in individuals ([@bb0020]; [@bb0185]).

Planned comparisons by a linear contrast showed a significant group by condition effect in the right dlPFC. The direction of this effect was in line with the reported results of the right IFG, showing attenuated cortical reactivity in the high ruminators. Both areas -- IFG and dlPFC -- are part of the CCN and have strong functional and structural connections. The adaption during the TSST demands several cognitive functions comprising -- besides inhibitory control -- also attentional processes, which is likely reflected by an increase in dlPFC activation. Indeed, inhibition and attentional control are both cognitive processes that are deeply entangled and sometimes even interchanged. It has been shown previously that depression and rumination are associated with deficits in tasks that require attention switching ([@bb0145]; [@bb0270]), cognitive and attentional control ([@bb0195]) with attentional biases towards negative information ([@bb0140]). It is thus very likely that such deficits in high ruminators are also relevant in the TSST in which subjects have to refocus their attention after miscalculations or distractions by emotional non-reactivity of the reviewer board.

Although effects of rumination on heart rate and cortisol levels are reported on a meta-analytic level ([@bb0190]), we did not find group differences in these variables, although they showed an expected reactivity pattern through the stress induction. One possible explanation may lie in the found meta-analytic effect sizes for heart rate (g = 0.20 to 0.28) and cortisol (g = 0.32 to 0.36), which are small to medium, and the power in our sample, which requires medium to high effect sizes.

Despite these conclusive findings, some limitations have to be noted. Firstly, through the fNIRS method\'s depth resolution, our results are restricted to the upper 2--3 cm of the cortical parts of the brain ([@bb0085]). Potential effects in other areas of the brain could not be measured in the study at hand. Another limitation concerns the study sample. We used a non-clinical sample to prevent the influence of therapeutic interventions on the results. As previous studies have shown, the habit to ruminate is also a predictor for mental and physical health in non-clinical populations and might be considered a risk factor ([@bb0170]; [@bb0240]). Since the mental process per se is likely similar in clinical and non-clinical populations (and might only differ in the amount of time spent ruminating and its controllability), the results of this study should mostly be generalizable to clinical populations. In fact, the trait rumination -- as measured with the RRS -- of the high ruminators in this sample (m = 2.6, SD = 0.17) were comparable to those of depressed patients in our clinic (N = 24, m = 2.6, SD = 0.56). Nonetheless, in future studies, the reported effects should be replicated in clinical populations, with additional consideration of potential effects of medication status. Also, the results of the mediation analysis have to be interpreted with caution due to the relatively small sample size. In future studies, the reported results should be replicated in clinical samples with larger sample sizes. Further, a classification system of behavioral reactions of participants during the TSST that could be videotaped could give further insight into the specific processes that lead to cortical differences between subject groups.

In conclusion, we found reduced stress-related cortical activation in the right IFG in high ruminators, an effect that is likely related to inhibitory deficits and led to heightened negative affect and ruminative thinking following the stress task. The fNIRS method was shown to be usable in subclinical subjects in the original TSST setting, which might also be valuable for the investigation of depression and other stress-related clinical disorders. Overall, the present findings provide insight into possible mechanisms by which high trait rumination may act as a risk factor for the development of clinical syndromes and maladaptive stress responses.

The following are the supplementary data related to this article.Fig. S1Channel positions of the probesets on the brain.Fig. S1Fig. S2Definition of the five ROIs within the used probesets.Fig. S2Fig. S3Waveforms of the hemodynamic response (oxy-Hb) averaged over right IFG ROIs for low ruminators (red) and high ruminators (blue) in the three conditions (left: CTL1, middle: CTL2, right: TSST arithmetic).Fig. S3
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